
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 158.144.59.171

This content was downloaded on 08/04/2016 at 07:10

Please note that terms and conditions apply.

Orientational coupling between the vortex lattice and the crystalline lattice in a weakly pinned

Co0.0075NbSe2 single crystal

View the table of contents for this issue, or go to the journal homepage for more

2016 J. Phys.: Condens. Matter 28 165701

(http://iopscience.iop.org/0953-8984/28/16/165701)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/28/16
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1 © 2016 IOP Publishing Ltd Printed in the UK

1. Introduction

The vortex lattice (VL) in a type II superconductor provides a 
versatile model system to study the interplay of interaction and 
pinning [1–3]. So far, most descriptions of the vortex state in 
homogeneous three-dimensional (3D) superconductors involves 
the vortex–vortex interactions, which stabilize a hexagonal 
Abrikosov vortex lattice, and random pinning of vortices  
by crystalline defects, which tend to destroy this order by 
pinning the vortices at random positions [4–7]. For weakly 
pinned type II superconductors, these theories predict that 
the topological defect free VL undergoes an order to disorder 
transition (ODT) through proliferation of topological defects 
(TD) [8] as one approaches the superconductor-normal metal 
phase boundary. These TD relax the hexagonal order which 

make it easier for vortices to accommodate the random pin-
ning potential thereby enhancing the effective pinning. Thus 
the ODT manifests as a sharp increase in the critical current 
or a decrease in the real part of ac susceptibility (χ′), the so 
called ‘peak effect’ [9], which has been widely studied in 
weakly pinned superconducting crystals [1, 10].

In principle, the VL can also couple with the symmetry of 
an underlying substrate. In superconductors with artificially 
engineered periodic pinning, this coupling has been shown 
to give rise to interesting matching effects, where the VL 
gets oriented in specific direction with respect to the pinning 
potential when the lattice constant is commensurate with the 
pinning potential [3]. In single crystals of conventional super-
conductors, barring one exception [11], most theories dealing 
with the vortex phase diagram [4–7] consider the VL to be 
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Abstract
We report experimental evidence of strong orientational coupling between the crystal lattice 
and the vortex lattice in a weakly pinned Co-doped NbSe2 single crystal through direct 
imaging using low temperature scanning tunneling microscopy/spectroscopy. When the 
magnetic field is applied along the six-fold symmetric c-axis of the NbSe2 crystal, the basis 
vectors of the vortex lattice are preferentially aligned along the basis vectors of the crystal 
lattice. The orientational coupling between the vortex lattice and crystal lattice becomes 
more pronounced as the magnetic field is increased. This orientational coupling enhances the 
stability of the orientational order of the vortex lattice, which persists even in the disordered 
state at high fields where dislocations and disclinations have destroyed the topological order. 
Our results underpin the importance of crystal lattice symmetry on the vortex state phase 
diagram of weakly pinned type II superconductors.
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decoupled from the crystal lattice (CL) except for the random 
pinning potential created by defects which hinders the rela-
tive motion between two. However, in cubic and tetragonal 
systems, it has been theoretically [12] and experimentally 
[13, 14] shown that non-local corrections to the vortex–vortex 
interaction can carry the imprint of crystal symmetry. Recent 
neutron diffraction experiments [15] on Nb single crystal 
also show that the structure of the VL varies depending on 
the symmetry of the crystalline axis along which the magnetic 
field is applied. Therefore the influence of the symmetry of the 
CL on the VL and consequently its effect on the ODT needs 
to be explored further.

In this paper we investigate the coupling between the sym-
metry of the VL and CL in Co0.0075NbSe2, a type II supercon-
ductor1 with hexagonal crystal structure. The intercalated Co 
atoms act as pinning centers, thus providing us a control on 
the strength of pinning [16]. Our crystal is in the weak-pinning  
limit, which we functionally define as the pinning range 
where a topological defect free hexagonal ground state of the 
VL is realized at low temperatures and low fields. By simul-
taneously imaging the VL and CL using a scanning tunneling 
microscope (STM) operating down to 350 mK we investigate 
the orientation of the VL with respect to the CL. The central 
result of this paper is that while the VL is always preferen-
tially oriented along the unit cell vector in the layer when the 
magnetic field is applied along the six-fold symmetric c-axis 
of the crystal, at low fields, the VL can get locked into a meta-
stable state where large randomly oriented domains can be 
realized. The orientational coupling of the VL with the crystal 
lattice strongly affects the disordering of the VL and provides 
a backbone for the robust orientational order of the VL across 
the ODT.

2. Experimental methods

The single crystal with nominal composition Co0.0075NbSe2 
was grown by iodine vapour transport method starting with 
stoichiometric amounts of pure Nb, Se and Co, together with 
iodine as the transport agent. Details of sample preparation 
have been published elsewhere[20]. Energy dispersive x-ray 
(EDX) analysis was performed on the single crystal to con-
firm the presence of Co atoms. The EDX spectra showed a 
Co concentration varying between 0.5–0.55 atomic %, on 
different points of the single crystal. However, since precise 
determination of the composition below 1 at. % is limited by 
the resolution of EDX we refer to the nominal composition 
in the rest of the paper. The VL and the CL were imaged 
using a home-built low temperature STM [17] fitted with a 
superconducting solenoid operating down to 350 mK. Prior 
to STM measurements the crystal is cleaved in situ at room 
temperature, in a vacuum better than 1  ×  10−7 mbar. NbSe2 
has a layered hexagonal crystal structure with each unit 
cell consisting of two sandwiches of hexagonal Se-Nb-Se 
layers. Thus the crystal cleaves between the weakly coupled 

neighboring Se layers exposing the hexagonal Se termi-
nated surface. STM topographic images were captured at 
various locations to identify an atomically smooth surface. 
Figure 1(a) shows one such region (with surface height vari-
ation  <2 Å) over an area of 1.5 μm  ×  1.5 μm close to the 
center of the crystal. Atomic resolution images were subse-
quently captured at various points within this area to deter-
mine the unique orientation of the in-plane crystallographic 
axes (figure 1(a) (i)–(iii)). The 3  ×  3 charge density wave 
(CDW) modulation is also visible in the atomic resolution 
images, though it is blurred due to the presence of Co dopant 
atoms. The Fourier transform (FT) of the atomic resolution 
image (figure 1(a) (iv)) shows 6 symmetric sharp Bragg spots 
corresponding to the Se lattice and 6 diffuse spots corresp-
onding to the CDW. All VL images other than those shown 
in figures 2(b) and (c) were performed within the area shown 
in figure 1(a).

To image the VL, the differential tunneling conductance, 
G(V )  =  dI / dV, between the tip and the sample is measured 
as the tip scans the surface at a fixed bias voltage (in constant 
current mode), V ~ 1.2 mV, with a d.c. tunneling current of 
50 pA. G(V ) is measured by adding a small a.c. modulation 
voltage (Vmod) with frequency 2 kHz and amplitude 100 μV to 
the bias voltage and detecting the resulting modulation in the 
tunneling current (I mod) using a lock-in amplifier, such that,  
G(V )  ≈  I mod / Vmod. The left panel of figure 1(b) shows the spa-
tial variation of conductance acquired at 1 kOe and at 350 mK. 
To improve the contrast, the conductance maps are plotted as  
a function of ∆G(V ), which is obtained by subtracting from 
G(V ) a constant background value equal to the minimum con-
ductance over the imaged area. The conductance map shows 
well defined minima (dark spots) corresponding to the posi-
tion of the vortex cores. The right panel of figure 1(b) show 
G(V ) as a function of V at specific locations by sweeping the  
bias voltage after switching off the STM feedback loop.  
To avoid a voltage jump at the beginning of the voltage sweep 
and to increase the resolution, before switching of the feedback 
loop, the bias voltage is set to the highest value of the sweep 
voltage (3 mV) and the d.c. tunneling current is increased to 
120 pA. The G(V )-V curves away from the vortex core con-
sist of well resolved coherence peaks close to the supercon-
ducting energy gap and a minimum at zero bias characteristic 
of a superconductor, whereas inside the normal core they are 
flat and featureless. Since while acquiring the VL images the 
bias voltage (V ~ 1.2 mV) is kept close to the coherence peak, 
each vortex manifest as local minimum in the conductance 
map. Figure 1(c) shows a typical VL imaged at 10 kOe over 
the entire area shown in figure 1(a). To identify topological 
defects in the VL, we Delaunay triangulate [20] the VL and 
determine the nearest neighbor coordination for each flux 
lines. Topological defects typically manifest as points with 
five-fold or seven-fold coordination. Complementary meas-
urement of the bulk pinning properties were performed from 
a.c susceptibility measurements in a home built a.c.-suscep-
tometer fitted with a superconducting solenoid. The a.c field 
drive was fixed at 60 kHz with an amplitude of 10 mOe. It has 
earlier been established that for this amplitude the response is 
in the linear regime.

1 See supplementary material (stacks.iop.org/JPhysCM/28/165701/mmedia), 
section A, for bulk characterisation of the sample using a.c. susceptibility.
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3. Results and discussion

We first focus on the VL created at a relatively low field of 
2.5 kOe in the zero field cooled state (ZFC) where the magn-
etic field is applied after cooling the sample to the lowest 
temperature. Figures  2(a)–(c) show representative images 
of the ZFC VL at 350 mK imaged over 1.5 μm  ×  1.5 μm  

on three different areas of the surface. While figure  2(a) 
was imaged on the same area as that shown in figures 1(a), 
2(b) and (c) were performed on two other similar atomi-
cally smooth areas on the crystal. We observe that the VL 
is oriented along different directions at different locations 
with no apparent relation with the orientation of the crystal-
line lattice. In addition, in figure 1(c) we observe a domain 

Figure 1. (a) The central panel shows the topographic image of an atomically smooth surface on the Co0.0075NbSe2 single crystal. The 
surrounding panels (i)–(iii) show representative atomic resolution images on three different areas within this region; the direction of the 
basis vectors in the hexagonal crystal lattice plane comprising of selenium atoms are shown with green arrows. Panel (iv) shows the Fourier 
transform corresponding to (i); the Bragg spots corresponding to the atomic lattice and CDW in the FT are shown by arrows. We use the 
convention (length)−1 for the scale-bar on the FT. The topographic images are acquired in constant current mode, with tunneling current 
of 150 pA and voltage bias of 10 mV. (b) (left) Differential conductance map measured at a bias voltage of 1.2 mV showing the ZFC VL 
image at 350 mK and 1 kOe; the dark spots correspond to the location of the vortex cores. (right) G(V) versus V corresponding to locations 
A, B and C marked on the left panel. (c) Differential conductance map showing the vortex lattice at 10 kOe and 350 mK.

J. Phys.: Condens. Matter 28 (2016) 165701
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boundary created by a line of dislocations (pairs of adjacent 
lattice points with five-fold and seven-fold coordination), 
with the VL having different orientation on two sides of the 
boundary. These observations are consistent with earlier 
Bitter decoration experiments [18] where large area images 
of the ZFC VL revealed large randomly oriented domains, 
albeit at much lower fields.

We now show that such randomly oriented domains do not 
represent the equilibrium state of the VL. It has been shown 
that shaking the VL through a small magnetic perturbation, 
forces the system out of metastable states causing a dynamic 
transition to its equilibrium configuration [19–21]. In our case, 
we did not observe any change when the ZFC VL is perturbed 
at 350 mK with a magnetic field pulse of 300 Oe by ramping 

Figure 2. (a)–(c) Differential conductance maps showing the ZFC VL images (1.5 μm  ×  1.5 μm) recorded at 350 mK, 2.5 kOe at three 
different places on the crystal surface. (d)–(f ) VL images at the same places as (a)–(c) respectively after heating the crystal to 1.5 K  
(for (d)) or 2 K ((e) and (f )) and applying a magnetic pulse of 300 Oe. Solid lines joining the vortices show the Delaunay triangulation of 
the VL and sites with five-fold and seven-fold coordination are shown as red and white dots respectively. The direction of the basis vectors 
of the VL are shown by yellow arrows. In figure (c) a line of dislocations separate the VL into two domains with different orientations. 
The right insets in (d)–(f ) show the orientation of the lattice, imaged within the area where the VL is imaged. (g) Susceptibility (χ′) as a 
function of temperature (T ) measured at 2.5 kOe while warming up the sample from the lowest temperature. The three curves correspond 
to χ′-T measured after field cooling the sample (FC-W), after zero field cooling the sample (ZFC-W) and zero field cooling the sample and 
then applying a magnetic pulse of 300 Oe at temperature intervals of 0.1 K while warming up (pulsed ZFC-W). The y-axis is normalized to 
the FC-W χ′ at 1.9 K. The measurements are done at 60 kHz using an a.c. excitation field of 10 mOe.

J. Phys.: Condens. Matter 28 (2016) 165701
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up the field to 2.8 kOe over 8 s followed by a dwell time of 10 s 
and ramping down over 8 s to its original 2. However, when 
the pulse is applied after heating the sample to a temperature 
higher than 1.5 K the VL gets oriented along the orientation of 
the crystal lattice (figures 2(d)–(f )). For the VL in figure 2(f ), 
in addition, this process annihilates the domain boundary. 
At 350 mK we need to cycle the VL up to a much higher 
field in order to orient the domains along the CL. In figure 3, 
we show the VL at the same position as the magnetic field 
is increased from 2.5 kOe to 7.5 kOe and then decreased to 
2.5 kOe. We observe that the VL orientation gradually rotates 
with increasing field and at 7.5 kOe the VL is completely  
oriented along the CL. Upon decreasing the field, the VL 
maintains its orientation and remains oriented along the CL. 
We also observed that the orientation of the VL does not 
change when the crystal is heated up to 4.5 K without applying 
any magnetic field perturbation. Therefore, the domain struc-
ture in the ZFC VL corresponds to a metastable state, where 
different parts of the VL get locked in different orientations.

To explore if this orientational ordering leaves its signa-
ture on the bulk pinning properties of the VL we performed ac 
susceptibility measurements on the same crystal (figure 2(g))  

using three protocols: In the first two protocols, the VL is 
prepared in the field cooled (FC) and ZFC state respectively 
(at 2.5 kOe) and the real part of susceptibility (χ′) is meas-
ured while increasing the temperature; in the third protocol 
the vortex lattice is prepared at the lowest temperature in the 
ZFC state and the χ′-T is measured while a magnetic field 
pulse of 300 Oe is applied at regular intervals of 100 mK 
while warming up. As expected the disordered FC state has 
a stronger diamagnetic shielding response than the ZFC state 
representing stronger bulk pinning. For the pulsed-ZFC state, 
χ′-T gradually diverges from the ZFC warmed up state and 
shows a weaker diamagnetic shielding response and exhibits a 
more pronounced dip at the peak effect. Both these show that 
the pulsed-ZFC state is more ordered than the ZFC warmed 
up state, consistent with the annihilation of domain walls with 
magnetic field pulse.

We now investigate the impact of this orientational cou-
pling on the ODT of the VL. As the field is increased further 
(figure 4) the VL remains topologically ordered up to 24 kOe. 
At 26 kOe dislocations proliferate in the VL, in the form of 
neighboring sites with five-fold and seven-fold coordination. 
At 28 kOe, we observe that the disclinations proliferate into 
the lattice. However, the corresponding FT show a six-fold 
symmetry all through the sequence of disordering of the VL. 
Comparing the orientation of the principal reciprocal lattice 

Figure 3. Differential conductance maps showing the VL at 350 mK at the same location on the sample surface imaged while cycling the 
magnetic field. The upper panels show the VL as the field is increased from 2.5 kOe to 7.5 kOe after preparing the VL in the ZFC state 
at 2.5 kOe. The two lower panels show the VL as the field is decreased from 7.5 kOe. Solid lines joining the vortices show the Delaunay 
triangulation of the VL. The yellow arrows show the direction of the basis vectors of the hexagonal VL. The inset in the lower right of the 
VL at 7.5 kOe shows the representative topographic image of the atomic lattice within this area. The green arrows show the basis vector of 
the CL. All VL images were acquired over 1 μm  ×  1 μm.

2 Direct evidence that the magnetic field of 300 Oe is penetrating in the  
superconductor at 350 mK is obtained by imaging the VL at 2.5 and  
2.8 kOe; for details see supplementary material, section B.
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vectors with the corresponding ones from the FT of crystal 
lattice, we observe that the VL is always oriented along the 
crystal lattice direction. In contrast to our previous studies 

[20], here an isotropic amorphous vortex glass phase is not 
realized even after the disclinations have proliferated in the 
system. This difference reflects the weaker defect pinning in 

Figure 4. (a) Representative image of the CL (left) along with its FT (right); the directions of the principal lattice vectors and reciprocal 
lattice vectors are shown in their respective panels with green arrows. We use the convention (length)−1 for the scale-bar on the FT. The 
CL is imaged within the area where the VL is imaged. (b)–(d) Conductance maps showing the VL lattice at 22, 26 and 28 kOe (left) along 
with their FT (right); the middle panels show Delaunay triangulation of the VL where the vertex of each triangle represents the position of 
the vortex core; sites with five-fold and seven-fold coordination are shown as red and blue dots respectively. The disclinations (unpaired 
five-fold or seven-fold coordination sites) observed at 28 kOe are highlighted with green and purple circles. The directions of the principal 
reciprocal lattice vectors are shown with yellow arrows.

J. Phys.: Condens. Matter 28 (2016) 165701
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the present crystal3, which enhances the effect of orientational 
coupling in maintaining the orientation of the VL along the 
crystal lattice.

The pertinent question arising from our experiments is, 
what is the origin of this orientational coupling? Conventional 
pinning cannot explain these observations, since it requires 
a modulation of the superconducting order parameter over a 
length scale of the order of the size of the vortex core, which 
is an order of magnitude larger that the interatomic separa-
tion and the CDW modulation in NbSe2. The likely origin of 
orientational coupling is from anisotropic vortex cores whose 
orientation is locked along a specific direction of the crystal 
lattice. In unconventional superconductors (e.g. (La,Sr)CuO4, 

CeCoIn5) [22, 23] such anisotropic cores could naturally arise 
from the symmetry of the gap function, which has nodes along 
specific directions. However even in an s-wave superconductor 
such as YNi2B2C vortex cores with four-fold anisotropy has 
been observed, and has been attributed to the anisotropy in 
the superconducting energy gap resulting from Fermi surface 
aniso tropy [24]. As the magnetic field is increased, the vor-
tices come closer to each other and start feeling the shape of 
neighboring vortices. The interaction between the vortices 
in such a situation would also be anisotropic, possessing the 
same symmetry as that of the vortex core. Thus the interaction 
energy would get minimized for a specific orientation of the 
VL with respect to the CL.

To explore this possibility we performed high resolution 
imaging of a single vortex core at 350 mK. To minimize 

Figure 5. (a) Differential conductance map showing the ZFC VL at 700 Oe and 350 mK. (b) High resolution image of the single vortex 
(114 nm  ×114 nm) highlighted in the blue box in panel (a) obtained from the normalized conductance maps (G(V)/G(V  =  3 mV)) at  
three different bias voltages. The vortex core shows a diffuse star shaped pattern; the green arrows point towards the arms of the star shape 
from the center of the vortex core. (c) Atomic resolution topographic image of the CL imaged within the box shown in (b); the green arrows 
show the principal directions of the crystal lattice.

3 See footnote 1.

J. Phys.: Condens. Matter 28 (2016) 165701
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the influence of neighboring vortices we first created a ZFC 
vortex lattice at 350 mK (figure 5(a)) in a field of 700 Oe, 
for which the inter vortex separation (177 nm) is much larger 
than the coherence length. As expected at this low field the 
VL is not aligned with the CL (figure 5(e)). We then chose 
a square area enclosing a single vortex and measured the 
full G(V )-V curve from 3 mV to  −3 mV at every point on 
a 64  ×  64 grid. In figures  5(b)–(d) we plot the normalized 
conductance G(V ) / G(3 mV) at 3 bias voltages. The normal-
ized conductance images reveal a hexagonal star shape pattern 
consistent with previous measurements [25, 26] in undoped 
NbSe2 single crystals. Atomic resolution images captured 
within the same area (figure 5(e)) reveals that the arms of the 
star shape in oriented along the principal directions of the 
CL. We observe that the star shape is not specifically oriented 
along any of the principal directions of the VL, which rules 
out the possibility that the shape arises from the interaction of 
supercurrents surrounding each vortex core. We believe that 
the reduced contrast in our images compared to [25, 26] is due 
to the presence of Co impurities which act as electronic scat-
tering centers and smear the gap anisotropy through intra and 
inter-band scattering.

The six-fold symmetric vortex core structure explains why 
the ZFC VL gets oriented when we cycle through larger fields. 
As the magnetic field is increased the vortices come closer 
and feel the star shape of neighboring vortices. Since the star 
shape has specific orientation with respect to the CL, the VL 
also orients in a specific direction with respect to the CL. 
When the field is reduced, the vortices no longer feel the shape 
of neighboring vortices, but the lattice retains its orientation 
since there is no force to rotate it back. Since the six-fold sym-
metry of the vortex core here is the same as the hexagonal 
Abrikosov lattice expected when the vortex cores are circular, 
we do not observe any field induced structural phase transition 
of the VL as observed in superconductors where the vortex 
core has four-fold symmetry [14].

4. Conclusion

In conclusion, we have used direct imaging of the crystal  
lattice and the VL using STM/S to show that the orientation 
of the VL in a conventional s-wave superconductor is strongly 
pinned to the crystal lattice. This orientational coupling influ-
ences both the equilibrium state at low fields and the order-
disorder transition at high field. While at low fields, locally 
misoriented domains can indeed be observed in the ZFC state, 
these domains get oriented along the CL when the system is 
cycled through a larger field. In addition, the persistence of 
orientational order in the VL at high fields even after prolif-
eration of topological defects, clearly suggests that this cou-
pling can be energetically comparable to the random pinning 
potential and cannot be ignored in realistic models of the VL 
in weakly pinned type II superconductors. We hope that future 
theoretical studies will quantitatively explore the magnitude 

of the energy scale of this coupling vis-à-vis vortex–vortex 
interactions and random pinning and its effect on the vortex 
phase diagram of type II superconductors.
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